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ABSTRACT
We have shown that the thermal emission of the amorphous dust composed of amorphous silicate
dust (a-Si) and amorphous carbon dust (a-C) provides excellent fit both to the observed intensity and
the polarization spectra of molecular clouds. The anomalous microwave emission (AME) originates
from the resonance transition of the two-level systems (TLS) attributed to the a-C with an almost
spherical shape. On the other hand, the observed polarized emission in submillimeter wavebands is
coming from a-Si. By taking into account a-C, the model prediction of the polarization fraction of the
AME is reduced dramatically. Our model prediction of the 3σ lower limits of the polarization fraction
of the Perseus and W43 molecular clouds at 17 GHz are 8.129× 10−5 and 8.012× 10−6, respectively.
The temperature dependence of the heat capacity of a-C shows the peculiar behavior compared with
that of a-Si. So far, the properties of a-C are unique to interstellar dust grains. Therefore, we coin our
dust model as the cosmic amorphous dust model (CAD).
Keywords: editorials, notices — miscellaneous — catalogs — surveys
1. INTRODUCTION
Plenty of observations indicate that the majority of interstellar dust is composed of amorphous material ( Li & Draine
2001a). Amorphous materials show unique physical properties compared with crystalline materials. Zeller & Pohl
(1971) found from laboratory measurements that the temperature dependence of the heat capacity and the thermal
conductivity of amorphous materials at low temperatures shows deviation from those of crystalline materials and is
linearly proportional to temperature and proportional to the square of the temperature, respectively. These behaviors
were found universally among glasses, such as cristobalite, vitreous silica, and so on (Nittke et al. 1998), and do not
depend on the microscopic nature of the materials. Based on these facts, Anderson et al. (1972) and Phillips (1972)
independently proposed that thermal characteristics of amorphous materials at low temperature are governed by the
transition between the two-level systems (TLS) caused by the deformation of the crystal structure. The mechanical
potential of some of the atoms composing an amorphous material becomes a double-well potential. Quantum mechan-
ically, the ground state of the energy eigenstates of the atoms split into two states. One is described by the sum of
the states trapped in each potential minimum. The other is described by the difference between these states. Small
but finite energy splitting occurs between these two states. In the TLS model, heat absorption and heat transport
are governed by the transition between these states. Since the TLS model successfully explained the low-temperature
thermal behaviors of the amorphous materials, it has been accepted as the standard model to describe the amorphous
materials. Paradis et al. (2011) showed that the fact that the observed spectrum index of thermal emission from the
Galactic dust from submillimeter through millimeter wavebands is smaller than 2, can be explained by taking into
account the interaction between the TLS and the electromagnetic waves.
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Anomalous microwave emission (AME), which shows up as an emission bump at around 10–30GHz, is observed
ubiquitously in the various Galactic environments (see Dickinson et al. 2018 and references therein). Because of the
spatial correlation of the AME and the thermal dust emission, it is widely believed that the AME originates from
a kind of dust (Davies et al. 2006). However, the physical process of its emission mechanism is still unresolved.
Thermal emission from amorphous dust has been proposed as one of the candidates of the AME mechanism (Jones
2009; Nashimoto et al. 2020b). Since the typical energy difference between the TLS is of the order of ∼ 1K × kB
(where kB is the Boltzmann constant) (Phillips 1987) that corresponds to ∼ 10GHz × h (where h is the Planck
constant), the emission caused by the resonance transition between the TLS is potentially able to explain the AME.
Nashimoto et al. (2020b) showed that the thermal emission from amorphous silicate dust (a-Si) based on the TLS
model could reproduce observational features of intensity and polarization spectra from far infrared to microwave
wavebands. One of the problems of their model is that the model prediction of the polarized intensity slightly exceeds
the observational upper limit of the polarized flux density obtained by QUIJOTE (Ge´nova-Santos et al. 2015; 2017).
To date, polarized emission from the AME has not been detected. On the other hand, it is known that silicate dust
grain contributes only half of the Galactic interstellar dust, and the remaining half is composed of the carbonaceous
dust grain (Weingartner & Draine 2001; Mishra & Li 2015). It is worth studying whether the polarized intensity
predicted by thermal emission from the amorphous dust is able to be reduced by taking into account the carbonaceous
component.
In this letter, we studied whether the thermal emission from amorphous dust proposed by Nashimoto et al. (2020b)
is able to provide the model consistent with the current upper limit of the polarized intensity of the AME by taking
into account both a-Si and amorphous carbonaceous dust (a-C) simultaneously. Our model is tested by comparing
observed spectral energy distributions (SEDs) from microwave through far infrared for Perseus molecular cloud and
W43 molecular cloud. Structure of this letter is as follows. In Section 2, we present the amorphous dust emission
model. In Section 3, we compare our model to the observation. In Section 4, we discuss the physical properties of
amorphous dust predicted by the results.
2. MODEL
Thermal emission intensity and polarization spectra of amorphous dust, Idν and P
d
ν , are expressed as,
Idν =
∑
i
NiC
abs
i Bν(Ti), (1)
P dν =
∑
i
NiC
pol
i Bν(Ti), (2)
where i specifies the dust species (a-Si or a-C) throughout in this paper, Ni is the dust column density, C
abs
i is the
absorption cross section, Cpoli is the polarization cross section, Ti is the dust temperature for each species, and Bν is
the Planck function. We assume that the shape of a dust particle is ellipsoid with ax,i ≥ ay,i ≥ az,i and is characterized
by the geometrical factor Lj,i (see Bohren & Huffman 1983):
Lj,i =
3Vi
8pi
∫ ∞
0
dq
(q + a2j,i)
√
(q + a2x,i)(q + a
2
y,i)(q + a
2
z,i)
, (3)
where j = x, y, and z, and Vi is the volume of the dust grain of species i. It is assumed that ellipsoidal dust grains
of the same volume with different axial ratios are uniformly present, which is called the continuous distribution of
ellipsoids (CDE), where the lower cutoff parameter Lmini for Lx,i is introduced to remove ellipsoidal dust with an
extremely large axial ratio and, therefore, Lx,i takes a value in the range of 1/3 from L
min
i . We consider the case that
the minor axis of the ellipsoidal dust is perfectly aligned in a direction parallel to the interstellar magnetic field, which
is assumed to be perpendicular to the line of sight. This assumption will be discussed in detail in Section 4. The
ensemble average of absorption and polarization cross sections are given as (Draine & Hensley 2017):
Cabsi =
2pi2Vi
λ
Im
(
χx0,i + χ
y
0,i + 2χ
z
0,i
)
, (4)
Cpoli =
2pi2Vi
λ
Im
(
χx0,i + χ
y
0,i − 2χz0,i
)
, (5)
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where λ is the wavelength of the incident electric field, χx0,i, χ
y
0,i, and χ
z
0,i are the electric susceptibilities of the ellipsoidal
dust for the incident electric field polarized along with each axis. These electric susceptibilities are expressed by a
dielectric constant εi for the spherical dust grains and L
min
i (see Equations (A15)–(A17) in Draine & Hensley 2017;
Nashimoto et al. 2020b). The dielectric constant εi is given by the electric susceptibility of the spherical dust grain,
that is χ0,i, as
εi − 1 = 12piχ0,i
3− 4piχ0,i . (6)
The electric susceptibilities are given by following equations,
χ0,a-Si = χ
res
0,a-Si + χ
tun
0,a-Si + χ
hop
0,a-Si + χ
lat
0,a-Si, (7)
χ0,a-C = χ
res
0,a-C + χ
tun
0,a-C + χ
hop
0,a-C + χ
lat
0,a-C + χ
free
0,a-C. (8)
The first three terms in the right hand side of each equation are the TLS contributions of the electric susceptibilities
where χres0,i is attributed to the resonance transition between the two levels, χ
tun
0,i and χ
hop
0,i describes the quantum
tunneling and thermal hopping relaxation processes to catch up with a shift of the energy level caused by the incident
of the electromagnetic waves (Phillips 1987; Meny et al. 2007; Nashimoto et al. 2020b). The contribution from the
lattice vibration χlat0,i is given by the superposition of the Lorentz models. The carbonaceous dust grain is considered to
contain free electrons because a-C might be an intermediate material between conductive graphite and non-conductive
diamond. Therefore, the free electron contribution calculated by the Drude model (see, e.g., Bohren & Huffman
1983) χfree0,i is taken into account in a-C. In this study, the contribution from free electrons in a-C is adopted as the
graphite model provided by Draine & Lee (1984). A basal plane could not be defined for a-C. Therefore, the electric
susceptibilities of the perpendicular and parallel to the basal plane provided by Draine & Lee (1984) are averaged with
a weight of 1 : 2.
The electric susceptibilities originated from the TLS are expressed as follows (Nashimoto et al. 2020b),
χres0,i =
P0,i|d0,i|2
3~
∫ ∆max
0,i
∆min
0,i
dE
√
1−
(
∆min
0,i
E
)2
tanh
(
E
2kBTi
)[
(ω + ω0)τ
2
+ − iτ+,i
1 + (ω + ω0)2τ2+,i
− (ω − ω0)τ
2
+ − iτ+,i
1 + (ω − ω0)2τ2+,i
]
, (9)
χtun0,i =
P0,i|d0,i|2
3kBTi
∫ ∆max
0,i
∆min
0,i
dE
∫ 1
∆min
0,i
E
du
√
1− u2
u
sech2
(
E
2kBTi
)
1 + iωτtun,i(E, u)
1 + ω2τ2tun,i(E, u)
, (10)
χhop0,i =
P0,i|d0,i|2
3kBTi
∫ ∆max
0,i
∆min
0,i
dE sech2
(
E
2kBTi
)[
ln
(
E
∆min
0,i
+
√(
E
∆min
0,i
)2
− 1
)
−
√
1−
(
E
∆min
0,i
)2]
×
∫ ∞
0
dV0 f(V0)
1 + iωτhop,i(V0)
1 + ω2τ2hop,i(V0)
, (11)
P0,i =
nif
TLS
i
∆max0,i

ln


√
(∆max0,i )
2 − (∆min0,i )2 +∆max0,i
∆min0,i

−
√√√√1−
(
∆min0,i
∆max0,i
)2 , (12)
where ∆max0,i and ∆
min
0,i are the maximum and the minimum of the tunneling splitting energy ∆0, d0,i is the expectation
value of the electric dipole moment at the potential minimum for an atom, τ+,i is the dephasing time, τtun,i and τhop,i
are the relaxation time for the tunneling and the hopping, respectively (see Meny et al. 2007; Nashimoto et al. 2020b),
ni is the atomic number density of a dust grain, f
TLS
i is a fraction of atoms showing the TLS for each dust species,
E = ~ω0 is the energy splitting of the TLS, u is the ratio of ∆0 to E, V0 is the height of the potential barrier, f(V0) is
the distribution function of V0 modeled by the Gaussian with the mean of 550K×kB and the deviation of 410K×kB,
and ω is the angular frequency of the incident electric field. We assume that the dephasing time of a-Si, τ+,a-Si, is
much longer than ω−10 . This is equivalent to assume that the resonance transition probability corresponding to the
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energy scale between the two levels is extremely small. Under these assumptions, χres0,a-Si is reduced to:
Re
(
χres0,a-Si
) ≃ P0,a-Si|d0,a-Si|2
3~
∫ ∆max
0,a-Si
∆min
0,a-Si
dE
√
1−
(
∆min
0,a-Si
E
)2
tanh
(
E
2kBTa-Si
) −2ω
ω2 − ω20
, (13)
Im
(
χres0,a-Si
) ≃


piP0,a-Si|d0,a-Si|
2
3
√
1−
(
∆min
0,a-Si
~ω
)2
tanh
(
~ω
2kBTa-Si
)
; ∆min0,a-Si ≤ ~ω ≤ ∆max0,a-Si
0 ; otherwise.
(14)
Equation (14) coincides with the formula presented by Meny et al. (2007).
Since, in our model, the main contributor in the frequency range beyond the infrared are big grains, we neglect
the size distribution of the dust grains and the dust size is fixed to ai = 0.1µm where ai ≡ (ax,iay,iaz,i)1/3. We
can safely assume that a big grain stays at the temperature defined by the equilibrium between the heating by the
interstellar radiation field (ISRF) and the radiative cooling. To calculate the equilibrium temperature of each species,
the following relations provided by Tielens (2005) are adopted:
Ta-Si = 13.5
(
0.1µm
aa-Si
)0.06(
G0
1.7
)1/6
, (15)
Ta-C = 15.7
(
0.1µm
aa-C
)0.06(
G0
1.7
)1/5.8
, (16)
where G0 is the scale factor of the ISRF, and power law dependence of wavelength for the long-wavelength dust opacity
with power law index of 2 for a-Si and 1.8 for a-C are assumed (Tielens 2005). Although the dust opacity in our model
shows complex wavelength dependence far from the power law model and the above relations are not self-consistent
with our dust opacity model, the adopted relations can be used as good estimator of dust temperature as discussed in
Section 4. Since the wavelength dependence of dust opacity in our model depends on the dust temperature, adopting
the above relations dramatically reduces fitting cost. In this study, G0 is treated as one of the fitting parameters
where G0 = 1.7 represents the average value of the ISRF in the Galactic interstellar space. A relative abundance
of a-C to a-Si in number is fixed to reproduce the accumulative dust mass ratio Ma-Si/Ma-C of about 1.2 given by
Hirashita & Yan (2009). The total column density of the dust defined by Nd = Na-Si + Na-C, is treated as a fitting
free parameter. For a-Si, fTLSa-Si and L
min
a-Si are fitting free parameters. The ∆
max
0,a-Si, ∆
min
0,a-Si and τ
+
a-Si of a-Si are set
to reproduce the model proposed by Meny et al. (2007). In the case of a-C, ∆max0,a-C, ∆
min
0,a-C and τ
+
a-C are treated as
fitting free parameters additional to fTLSa-C and L
min
a-C . The adopted values of the physical parameters for a-Si and a-C
are summarized in Table 1. The tunneling relaxation time τtun,i is evaluated from the mass density of a dust grain
ρi, the sound velocity for transverse waves ct,i, and the elastic dipole for transverse waves γt,i by using the formula
described in Phillips (1987); Meny et al. (2007); Nashimoto et al. (2020b). We assume that the pre-exponential factor
for hopping relaxation time τ0hop,i have the same value for each dust species.
3. COMPARISON WITH OBSERVATIONS
The predicted spectra of thermal emission from the amorphous dust composed of a-Si and a-C are compared with
the observed intensity and polarization spectra of Perseus and W43 molecular clouds (Nashimoto et al. 2020b). The
contribution of the foreground and background interstellar matter of each molecular cloud has already been removed
from these data. In addition to the dust emission, the free-free emission attributed to each molecular cloud can be
seen in the intensity spectra. The frequency dependence of the free-free contributions was modeled by the formula
given by Planck Collaboration et al. (2011). The emission measures (EMs), which are equivalent to the amplitude of
the free-free emission, were treated as fitting free parameters. The cosmic microwave background (CMB) temperature
anisotropy was already removed from the spectra of the W43. On the other hand, the CMB temperature anisotropy
has not been removed from the spectra of the Perseus. Therefore, the CMB temperature anisotropy was taken into
account when the Perseus intensity spectra were fitted. The absorption of the CMB monopole due to interstellar dust,
which is named the CMB shadow by Nashimoto et al. (2020a), is taken into account in the fitting self consistently. To
perform the fitting, we use emcee Markov Chain Monte Carlo software (Foreman-Mackey et al. 2013). The means of
the probability density distributions for each parameter estimated from the MCMC method are adopted as the values
of the best-fit model.
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Table 1. Fixed parameters’ values
Parameter Value Ref.∗
a-Si a-C a-Si a-C
ρi (g cm
−3) 3.5 1.6 1 2
ni (cm
−3) 8.6× 1022 7.8× 1022 1 2
Mi/(
∑
i
Mi) 0.54 0.46 3 3
ct,i (cm s
−1) 3× 105 2.4× 106 4 2
γt,i (eV) 1 1 4 —
†
|d0,i| (D) 1 1 5 —
†
τ 0hop,i (s) 10
−13 10−13 4 —†
∆max0,i /~ (s
−1) 2× 1013 free‡ 5 —
∆min0,i /kB (K) 2× 10
−3 free‡ 6 —
τ+,i (s) ∞ free
‡ 5 —
∗ References: 1. Li & Draine (2001b); 2. Wei et al. (2005); 3. Hirashita & Yan (2009); 4. Bo¨sch (1978); 5. Meny et al. (2007); 6.
Phillips (1987).
† These are applied to the same value of a-Si because there is no reference.
‡ These are regarded as free parameters.
Table 2. Best-fit parameters’ values
Perseus W43
Ta-Si (K) 14.88
+0.18
−0.17 17.82
+0.11
−0.11
Ta-C (K) 17.36
+0.21
−0.20 20.92
+0.14
−0.13
fTLSa-Si (×10
−4) 4.239+3.102−2.477 2.009
+0.942
−0.906
fTLSa-C (×10
−2) 2.174+0.692−0.529 3.754
+0.293
−0.275
Lmina-Si (×10
−1) 2.865+0.108−0.109 3.266
+0.006
−0.006
δLa-C (×10
−5) ∗ 97.92+102.61−73.89 6.604
+6.673
−4.918
∆max0,a-C (GHz/h) 16.03
+1.69
−1.67 11.21
+0.26
−0.27
∆min0,a-C (GHz/h) 10.01
+4.27
−3.98 11.13
+0.27
−0.28
τ+,a-C (10
−11 s) 2.111+0.157−0.205 2.886
+0.067
−0.065
Nd (10
9 cm−2) 5.499+0.408−0.398 78.97
+2.41
−2.39
EM (pc cm−6) 26.61+4.02−3.97 4220
+57
−58
δTCMB (µK) −43.54
+21.60
−26.70 —
†
∗ We define δLa-C ≡ 1/3− L
min
a-C .
† Since the contribution of the CMB temperature anisotropy is removed from the data of W43, δTCMB is not a fitting parameter.
The intensity and polarization spectra of the best-fit model are overlaid on the observed spectra for each molecular
cloud in Figure 1. The best-fit parameters are summarized in Table 2. Our model provides an excellent fit to the
observed intensity and polarization spectra simultaneously from microwave through far infrared. In this model, the
AME originates from the resonance emission of the TLS in a-C, and the dominant contributor to the intensity spectra
from far infrared to AME is a-C. The observed polarized emission in the submillimeter waveband is attributed to a-Si.
Our model predicts that almost all polarized emission is originated from a-Si. On the other hand, the shape of a-C is
very close to spherical and the polarized radiation emitted from a-C is negligibly small. According to Draine & Fraisse
(2009), the dust model composed of spherical a-C and ellipsoidal a-Si is compatible with all the observables from optical
through far infrared. Figure 1 shows the frequency dependence of the expected polarization fraction of dust. The
polarization fraction at 17GHz predicted by our model is 5.763× 10−3 for the Perseus cloud and 2.983× 10−4 for the
W43 cloud. From the 3σ lower limit of Lmina-C , the 3σ lower limit of the polarization fraction is provided as 8.129×10−5
and 8.012×10−6, and the ratio of polarized emission of a-C to that of a-Si is 0.1554 and 0.08180 for the Perseus and the
W43, respectively. These results are consistent with the observed upper limit (Ge´nova-Santos et al. 2015; 2017). Since
the dominant contributor of the polarized emission of the AME is a-C in our model, eventually a detection of polarized
AME emission would allow to constrain the degree of the asphericity of a-C that is Lmina-C . Although Nashimoto et al.
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Figure 1. The intensity and polarization SEDs of Perseus and W43 molecular clouds with the best-fit model. Absolute values
are plotted for the spectra of the CMB temperature anisotropy (black dotted curve) and the CMB shadow (grey dotted curve).
The lowest panel shows the predicted frequency dependence of the polarization fraction for each molecular cloud.
(2020b) predicted a 90-degree flip in the polarization direction in AME frequency range for W43, it did not happen in
the current model. This originates from the difference of the adopted models to describe the contribution due to lattice
vibration. Nashimoto et al. (2020b) applied the disordered charge distribution (DCD) model (Schlo¨mann 1964) as a
contribution due to lattice vibration, while the model proposed by Draine & Lee (1984) is applied in this study. The
flip of the polarization direction occurs when the sign of the real part of the electric susceptibility of dust are reversed.
The real part of the electric susceptibility due to the resonance transition becomes negative around the resonance
frequency. When the absolute value of the real part of the electric susceptibility due to the resonance transition is
larger than that of other contributions, the real part of the electric susceptibility of the whole dust becomes negative.
The real part of the electric susceptibility due to the lattice vibration proposed by Draine & Lee (1984) is about one
order of magnitude larger than that of the DCD model, and its absolute value is larger than the contribution from the
resonance transition in all frequency range. Under ideal conditions (uniform magnetic field component perpendicular
to the line of sight, perfectly aligned dust grains, no turbulent component of the magnetic fields) our best fitting
models show that the shape of a-Si and a-C of Perseus and W43 are close to perfect sphere. Such results are roughly
consistent with optical polarimetry on Perseus (Goodman et al. 1990) and high resolution polarization map of a dense
core in W43 at 350µm (Dotson et al. 2010). The derived dust column density for Perseus is consistent with the visual
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extinction extracted from 2MASS (Schnee et al. 2008). The visual extinction inferred from the derived dust column
density for W43 is AV = 40 because AV = 1.086pia
2QextV Nd where we assume the extinction efficiency at the visual
band QextV of 1.5. This is consistent with AV extracted from the Planck map (Planck Collaboration et al. 2016). More
realistic comparisons with dust grain models taking into account environment effects are discussed in the next section.
4. DISCUSSION
We have shown that the thermal emission of the amorphous dust composed of a-Si and a-C grains provides excellent
fit to both the observed intensity and the polarization spectra of molecular clouds simultaneously. By taking into
account a-C, the model prediction of the polarization fraction of the AME is reduced dramatically compared with the
prediction made by Nashimoto et al. (2020b). The AME originates from the resonance transition of the TLS attributed
to the a-C with almost spherical shape. On the other hand, the observed polarized emission in submillimeter wavebands
is coming from a-Si.
The systematic errors brought by adopting relations (15) and (16) to estimate dust temperatures are discussed.
Since the emission from a-C is the dominant contributor to the intensity SEDs in our model, the temperature of a-C
is defined robustly by the far infrared peak position of the intensity SEDs. In Perseus, by adopting the opacity model
with the best fit parameters for a-C shown in Table 2, G0 = 2.363 is obtained to reproduce the best temperature of
a-C under the energy balance condition between the radiative heating and cooling. This means a reduction of 20%
from the best fit value, G0 = 3.048, obtained by using Equations (15) and (16). This lower value of G0 translates
by an equilibrium temperature of a-Si of 14.24K when the opacity model with the best fit parameters for a-Si shown
in Table 2 are adopted, except the temperature. The deduced temperature coincides with the best fit temperature
shown in Table 2 very well. Therefore, we conclude that relations (15) and (16) can be used as good proxies of dust
temperature. For W43, caution must be paid to use these relations since they apply to optically thin clouds. The
SED of the ISRF has prominent peak in the near infrared regime (Mathis et al. 1983). The near infrared extinction
inferred from AV = 40 for W43 is from a few to 10 magnitudes (Gao et al. 2013). To model the thermal state of dust
grains in W43, one would have to solve for the radiative transfer of the ISRF through the cloud which is out of the
framework of the present work. However, our treatment is enough to show the potential ability of amorphous dust
model to fit intensity and polarization SEDs simultaneously from AME through the far infrared peak.
Since we neglected a reduction of the polarization fraction due to astronomical effects (Hildebrand & Dragovan
1995), the actual interstellar dust may have a lower value of the shape parameters, Lmini , than those reported in this
paper and may have larger ellipticity. Our shape distribution model described in Section 2 includes oblate and prolate
spheroids for each value of Lx,a-Si. The axial ratio between major and minor axes of oblate (ax,a-Si = ay,a-Si ≥ az,a-Si)
and prolate (ax,a-Si ≥ ay,a-Si = az,a-Si) spheroids limit when Lx,a-Si = Lmina-Si are shown in Table 3. The maximum
allowed axial ratios of the oblate (prolate) spheroids in the best-fit models are about 1.4 (1.2) for a-Si and about
1.007 (1.004) for a-C in the Perseus molecular cloud, and about 1.05 (1.03) for a-Si and 1.0005 (1.0003) for a-C in
the W43 molecular cloud, respectively. These results indicate that, in order to make our model compatible with the
observed data, the shapes of the interstellar dust are close to spherical. However, it is natural to assume that the
observed polarization fraction of each molecular cloud suffers a significant reduction due to astronomical attenuation.
Although the galactic magnetic field is assumed to be perfectly perpendicular to the line of sight in this study, it is
certain that there are finite inclination and variation of the magnetic field direction along the line of sight. Local
turbulence in the magnetic fields may also reduce the polarization fraction. Depolarization also occurs due to mixing
different components along the line of sight with different polarization directions. In addition, beam depolarization
leads to lower observed polarization fraction, especially in the data provided by QUIJOTE, whose beam widths are
1◦. Then, we take the maximum value of the observed polarization fraction of the interstellar dust at 353GHz of
0.2 (Planck Collaboration et al. 2018) as the reference value of the intrinsic polarization fraction of the interstellar
dust emission. The required shape parameters of a-Si, Lmina-Si, and the maximum allowed axial ratios of the oblate and
prolate spheroids to realize the polarization fractions of 0.2 at 353GHz for each molecular cloud are also summarized
in Table 3. It shows that the large variety of the shapes are allowed for a-Si if the intrinsic polarization fraction
is 0.2. For comparison, the maximum allowed axial ratios of spheroids when the intrinsic polarization fractions at
353GHz are 0.05 and 0.1, are shown in Table 3. How the shape constraints on a-C coming from our best-fit models
are relaxed by taking into account the astronomical attenuation is estimated as follows. The model prediction of the
polarization fraction of a-C at 353GHz for the Perseus molecular cloud is increased a factor of 0.2/0.046 = 4.35, where
the possible intrinsic polarization fraction of 0.2 is divided by the observed polarization fraction at 353GHz of 0.046.
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Table 3. Maximum axial ratio of a-Si
Perseus W43
Lmina-Si Oblate Prolate L
min
a-Si Oblate Prolate
best-fit model 0.2865 1.40 1.20 0.3266 1.05 1.03
Π353GHz = 0.05 0.273 1.54 1.26 0.268 1.60 1.29
Π353GHz = 0.1 0.207 2.48 1.69 0.202 2.57 1.73
Π353GHz = 0.2 0.102 6.41 3.16 0.0996 6.59 3.22
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Figure 2. The predicted heat capacity of each amorphous dust species in Perseus molecular cloud. The dashed curves and
the dotted curves are contribution from the TLS model and the Debye model, respectively, and solid curves are sum of them.
The prediction of the polarization fraction of a-C from our best model at 353GHz is 6 × 10−3. The possible intrinsic
polarization fraction of a-C is estimated as 0.026. This results in δLa-C ≡ 1/3 − Lmina-C = 6 × 10−3. The maximum
allowed axial ratios of a-C are relaxed to 1.04 for oblates and to 1.02 for prolates, respectively. Similarly, in the W43
molecular cloud, the maximum allowed axial ratios of a-C are relaxed to 1.03 for oblates and to 1.01 for prolates,
respectively. The shape of a-C has to be still close to spherical. Imperfectness of the dust grains alignment relative to
the magnetic field could further relax the constraint on the dust grain shape. It is known that the dust grains are not
perfectly aligned relative to the magnetic field (Hildebrand & Dragovan 1995; Guillet et al. 2018).
Guillet et al. (2018) pointed out although the large grain with a = 0.1µmmay be aligned almost perfectly, the degree
of the alignment decreases as the size of dust decreases. Although further studies on the astronomical attenuation of
the polarization fractions of the dust emission are required to extract the information of dust shape, it is certain that
our model predicts that the shape of a-C is close to spherical and a-Si has variety of ellipticity.
Figure 2 shows the temperature dependence of the heat capacity of a-C and a-Si with the best-fit parameters for the
Perseus cloud summarized in Table 2. Below a few kelvins, the contribution from the TLS becomes dominant. The
heat capacity of a-Si shows a linear dependence on temperature as observed in the laboratory experiments. The heat
capacity of a-C shows a bump at around sub kelvin. The heat capacity of a single TLS is described by a function called
a Schottky heat capacity, which has a peak at kBTi ≃ 0.42E. The temperature dependence of the heat capacity of the
amorphous material is defined by the superposition of each TLS in the material, which has different E. The distribution
of tunnel splitting energy ∆0 of a-C is limited to a narrow range in order to reproduce the intensity of AME. As a
result, the distribution of E is also limited in a narrow range. This is the reason why the temperature dependence
of a-C shows such peculiar characteristics. Our model prediction of the fraction of the atoms trapped in the TLS,
fTLSa-Si , of a-Si is the order of comparable to the laboratory measurements for the amorphous material (Phillips 1987).
On the other hand, our model prediction of fTLSa-C is about two orders of magnitude larger than that of a-Si. Because
of this, the heat capacity of a-C predicted by the TLS model is much larger than the Debye heat capacity around
0.1K. Since little has been done for the laboratory measurement of the heat capacity of the carbonaceous amorphous
material, measuring the low-temperature behavior of the heat capacity of a-C in the laboratory is important to test our
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prediction. Another possibility is that the characteristics of the amorphous dust predicted by our model are specific
to the interstellar dust grains. It does not affect the far infrared emission and AME since such a low temperature
behavior of the heat capacity has little influence on the thermal history of big grains. Supposing the latter possibility,
we name our model as the cosmic amorphous dust model, abbreviated to CAD. Testing CAD possibility of the origin
of AME by laboratory experiments and astronomical observations is worth to do.
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